biomaterials, 1b imaging agents, 2 and multivalent biological probes. 3 The growing applications of polymers stem from the ability to tailor their properties. For example, the molecular masses of polymers can be controlled, thereby modulating their serum half-life, cell or tissue targeting, and binding avidity. In addition, because polymers are modular, a wide range of different functionality can be introduced to endow them with tailored bulk properties and the ability to engage in specific biological recognition events. One disadvantage of polymers, however, is that their ability to gain access to cytoplasmic and nuclear targets is limited. Because of their high molecular weights and functionalities, most polymers are cell impermeable. We reasoned that the utility of bioactive polymers could be expanded by devising a general method for promoting their cellular internalization. To this end, we envisioned generating polymers that contain an artificial translocation domain, or ATD.
The design of our polymer ATD was guided by the features of known internalization agents. Small, highly cationic peptides, including TAT and oligoarginine, can promote cellular uptake.
4
These internalization agents, often referred to as protein transduction domains (PTDs) or cell-penetrating peptides, can facilitate the intracellular delivery of compounds ranging from small molecules to proteins to nanoparticles. In addition, PTD mimics, such as -peptides and peptoids, have been described.
5
The structural diversity of internalization agents indicates that an optimal number of guanidinium groups, not backbone composition, is a primary requirement for uptake. The model for uptake involves association of the guanidinium groups with the sulfate groups of cell-surface glycosaminoglycans, such as heparan sulfate. 6 This association is followed by internalization via an endocytic pathway. Because this pathway depends upon Coulombic interactions with ubiquitous proteoglycans and not the presence of a specific receptor, compounds that exploit this route can be taken up by a variety of cell types. Thus, to develop a general route to ATDs with these properties, we envisioned appending guanidinium groups to a polymer backbone that can be synthesized in one step. The optimal number of guanidinium groups for internalization has been found to be between 8 and 16; 7 therefore, for this approach to be effective, the length of the polymer must be tightly controlled.
The ring-opening metathesis polymerization (ROMP) is a powerful method for the synthesis of defined bioactive polymers.
8 ROMP can be living, and initiation rates can exceed propagation rates; therefore, polymeric structures of low polydispersity can be synthesized in a controlled manner. We envisioned that ROMP could be used to assemble a short, general backbone that could be functionalized with guanidinium groups to impart cell permeability. This strategy is modular, 9 allowing for further polymerization or functionalization. For example, to visualize internalization of the compounds using microscopy, a known end-capping reagent can be used to append a ketone group to react with a functionalized fluorophore.
10
To assemble the ROMP-derived ATD, ruthenium carbene 2 11 was added to succinimidyl ester-substituted norbornene 1 to afford a polymeric precursor. 9 To ensure that the polymer length of the final product was appropriate for internalization, we employed a monomer to initiator ratio of 10:1 (Scheme 1). The polymerization was terminated with enol ether 10-methoxydec-9-ene-2-one 12 (3), to afford the succinimidyl ester-containing polymer 4 with a single ketone group available for conjugation. Integration of the polymer backbone alkene and terminal phenyl proton signals in the 1 H NMR spectrum indicate that the degree of polymerization (DP) of the polymer is 10. Analysis by gel permeation chromatography (GPC) gives a similar DP (11) and a polydispersity index (PDI) of 1.20. The average length (ca. 10) and the low PDI of our polymers indicate that a majority of the individual molecules should be capable of internalization. Guanidinium groups were introduced onto the backbone via amide bond formation with amine 5 to yield water-soluble polymer 6 (Scheme 1).
To study extracellular receptor clustering and signaling, we previously used an acyl hydrazone to append a fluorophore to a polymer. 13 This linkage can undergo hydrolysis upon cellular uptake.
14 Though this lability could be valuable for cargo delivery, it complicates monitoring polymer uptake and trafficking. Thus, we synthesized an alkoxylamine-functionalized rhodamine B derivative (7) that would allow for installation of a fluorophore via an oxime linkage (see Supporting Information). In the cellular environment, oxime groups are more stable than are acyl hydrazones; 15 therefore, the former can be used to append a label to assess polymer localization within the cell. The fluorophore not only serves as a reporter but also as prototype cargo. We therefore modified 6 to generate labeled, guanidinium-substituted polymer 8.
To evaluate the cell-permeability of the polymer, HeLa cells were incubated with various concentrations (1, 2, or 5 µM) of 8 for 1 h at 37°C ( Figure 1A ). Often cells are visualized after fixation, but this process causes artifactual distribution of PTDs within the cytoplasm and nucleus. 16 Accordingly, we analyzed the localization of the polymer using live cell microscopy. We observed punctate fluorescence consistent with vesicular localization. Diffuse fluorescence was also apparent, indicating that the polymer is present throughout the cytoplasm. Cytotoxicity assays demonstrate that cells exposed to polymer 6 (10 µM) for 4 h are >95% viable. To evaluate the influence of polymer length on uptake and cytoxicity, we generated longer polymers (DP ) 25). These materials are internalized less efficiently and are more cytotoxic (5-fold, see Supporting Information).
Although the mechanism of intracellular delivery remains under debate, both the TAT peptide and oligoarginine peptides appear to use an energy-dependent endocytic pathway.
4b To determine whether the uptake pathway of the guanidiniumsubstituted polymer is similar, cells were incubated with 8 (5 µM) for 1 h at 4°C. No internalization was observed (data not shown). These results indicate that uptake of the ATD is energydependent. To determine the time scale for internalization and escape from the endosomes, the cells were treated with 8 (5 µM) for various time periods (5 min to 1 h) ( Figure 1B ). After only 5 min, polymer was visible in both vesicles and in the cytoplasm. The confocal microscopy data demonstrate that the polymer is not only internalized but also enters the cytoplasm rapidly. Thus, the ROMP-derived polymer is an effective ATD.
We have used ROMP to develop a cell-permeable polymer that is physiologically stable and modular in design. Our polymeric ATD strategy allows for either reversible or irreversible attachment of molecules via the end cap, facilitating delivery of cargo into the cell. Because the polymerization is living, block copolymers can be generated. We envision an ATD block could enable the internalization of multivalent ligands displaying different epitopes. This strategy can facilitate the study of intracellular multivalency because it provides a means to promote protein assembly inside cells.
